Relapse to drug use is often cited as the major obstacle in overcoming a drug addiction. Whereas relapse can occur for a myriad of reasons, it is well established that complex neuroadaptations that occur over the course of addiction are major factors. Cocaine, as a potent dopamine transporter blocker, specifically induces alterations in the dopaminergic as well as other monoaminergic neurotransmissions, which lead to cocaine abuse and dependence. Evidence also suggests that adaptations in the endogenous opioids play important roles in pathophysiology of cocaine addiction. Following this evidence, we investigated a combination medication, levotetrahydropalmatine (L-THP) and low dose naltrexone (LDN), targeting primarily dopaminergic and endogenous opioid systems as a cocaine-relapse-prevention treatment. In the present study Wistar rats were used to assess the effects of L-THP and LDN on cocaine self-administration, drug-seeking behavior during cocaine reinstatement, spontaneous locomotion, and effects on the endogenous opioid system. We determined that the combination of L-THP and LDN reduces drug-seeking behavior during reinstatement more potently than L-THP alone. Additionally, the combination of L-THP and LDN attenuates the sedative locomotor effect induced by L-THP. Furthermore, we revealed that treatment with the combination of L-THP and LDN has an upregulatory effect on both plasma b-endorphin and hypothalamic POMC that was not observed in L-THP-treated groups. These results suggest that the combination of L-THP and LDN has great potential as an effective and well-tolerated medication for cocaine relapse prevention.
Introduction
Cocaine is a potent psychostimulant with a high risk for addiction and abuse. Despite the extensive research in the past decades, there remains no FDA-approved treatments for mitigating cocaine addiction (Nestler, 2005; Shorter and Kosten, 2011) . Cocaine addiction induces alterations in the mesolimbic dopamine (DA) system, and considerable efforts were placed in the development of DA receptor antagonists as antiaddiction treatments (Dackis and O'Brien, 2001; Platt et al., 2002; Koob and Volkow, 2010) . However, DA antagonists alone are often unsuccessful in clinical trials (Haney et al., 2001) . Whereas DA plays a central role in cocaine addiction, many other neurotransmitters take part in the complex changes in the brain over the course of cocaine addiction (Trigo et al., 2010; Yoo et al., 2012) . b-Endorphin is emerging as an important player in the development of addiction (Olive et al., 2001; Roth-Deri et al., 2003 Simmons and Self, 2009; Nguyen et al., 2012; Dikshtein et al., 2013) . Attenuated b-endorphin has been demonstrated to play an important role in relapse to nicotine-or alcohol-seeking behavior (Marinelli et al., 2004; Shaw and al'Absi, 2008; Ueno et al., 2014) . Pro-opiomelanocortin (POMC), also a part of the endogenous opioid system, is the precursor to b-endorphin, adrenocorticotropic hormone, or melanocyte-stimulating hormone. POMC is thought to play an important role in reinstatement to drug-seeking behavior, and in a recent study it was observed that animals with higher instances of reinstatement displayed a significant reduction in POMC expression (Zhou et al., 2015) . Taken together these data suggest that the endogenous opioid system may be an important target in medication development for treatment of cocaine dependence.
Levo-tetrahydropalmatine (L-THP) is a purified alkaloid isolated from the herb Corydalis yanhusuo, native to China. It reduces the reward-and drug-seeking effects of cocaine, oxycodone, and heroin (Jin et al., 1986a,b; Marcenac et al., 1986; Ding, 1987; Mantsch et al., 2007; Liu et al., 2009; Mantsch et al., 2010; Figueroa-Guzman et al., 2011; Wang and Mantsch, 2012) , suggesting a potential for L-THP in treatment of drug abuse and addiction. The dopamine receptor-blocking properties of L-THP may substantially contribute to its ability to attenuate drug-seeking behavior. Clinically, a pilot study conducted to assess the utility of L-THP for the treatment of heroin addiction determined that 30 mg L-THP given twice daily increased heroin abstinence over 3 months by 63% (Yang et al., 2008) . However, L-THP also produces significant sedative effects in a dose-dependent manner (Xi et al., 2007; Xu et al., 2013) , which may limit its utility in treatment of drug addiction.
Naltrexone, primarily a m-opioid receptor antagonist, is FDA-approved for treatment of alcoholism and opioid detoxification. At therapeutic doses, naltrexone reduces drugseeking behavior in rodents but is unsuccessful or ineffective in most human clinical studies owing to significant unwanted side effects, poor patient compliance, and high attrition rates (Schmitz et al., 2001; Grassi et al., 2007; Schmitz et al., 2009; Schmitz et al., 2014) . However, the tolerability of naltrexone is significantly improved when given at subtherapeutic doses (Zagon et al., 2014) . Low dose naltrexone (LDN), defined as ,4 mg per day in humans (Brown and Panksepp, 2009; Mannelli et al., 2010; Wee et al., 2012; Cordery et al., 2014) , is becoming commonly used as a long term treatment of autoimmune disorders (Rahn et al., 2011; Segal et al., 2014) . Although the exact mechanisms underlying these actions are unknown, one possibility is that LDN may functionally upregulate endogenous opioid system through m-opioid receptor antagonism.
We therefore propose here that the combination of L-THP and LDN may be safer than L-THP or LDN alone in prevention of cocaine relapse. This is on the basis of the following two assumptions: First, such a combination may produce additive therapeutics effects, which may significantly lower each drug dose and therefore attenuate unwanted side-effects produced by each individual drugs; and second, coadministration of LDN with L-THP may also antagonize L-THP-induced sedation by normalization or upregulation of the endogenous opioid system in cocainedependent subjects.
To test this hypothesis the present study was designed to determine whether the combination of L-THP and LDN more potently reduces relapse to drug-seeking behavior and with less unwanted sedative effect than L-THP alone in rat models. In addition, we also investigated whether coadministration of L-THP and LDN alters plasma b-endorphin concentrations and hypothalamic POMC expression.
Materials and Methods
Animals. Experimentally naïve male Wistar rats (Charles River Laboratories, Raleigh NC) weighing 250-300g were used for all experiments. Animals were housed individually in a reverse light/ dark cycle, with lights off at 7:00 and lights on at 19:00. Animals were given ad libitum access to food and water. All experimental procedures were conducted in accordance with the Guide for the Care and Use of Laboratory Animals of the U.S. National Academy of Sciences and were approved by the IACUC of University of Maryland and the National Institutes of Health National Institute of Drug Abuse.
Jugular Vein Catheterization. The cocaine self-administration procedures, surgeries, and training schedules were the same as previously reported (Xi et al., 2007) . Animals were prepared for selfadministration experiments by surgical catheterization of right external jugular vein. Venous catheters, which were constructed of Micro-Renathane, inner diameter 0.012 inches, outer diameter 0.025 inches, (Braintree Scientific, Braintree, MA) was inserted 1.2 cm into the right jugular under sodium pentobarbital anesthesia (65 mg/kg i.p.) with standard aseptic surgical procedures. Catheters exited the jugular vein and passed subcutaneously to the top of the skull where they were connected to a modified 24-gauge cannula (Plastics One, Roanoke, VA) and mounted to the skull with jeweler's screws and dental acrylic. During experimental procedures catheters were connected to an infusion pump via tubing encased in a protective metal spring from the head mount to the top of the chamber. Catheters were flushed directly prior to and directly following training sessions with a combination of heparin/gentamicin (5 IU 1 10 mg/ml) in 0.9% saline solution to prevent blockage and infections.
Apparatus. Intravenous self-administration experiments were conducted in operant test-response chambers 32 Â 25 Â 33cm (Med Associates Inc., St. Albans, VT). House lights were turned on at the beginning of each session. Every test chamber contained two test levers, one active and one inactive. Depression of the active lever activated infusion pump; depression of inactive lever was counted but had no consequence. The house light was turned on at the start of each 3-hour test session. To aid acquisition and maintenance of drug selfadministration behavior, each drug infusion was always paired with a conditioned cue-light and a cue-sound (tone). The light and the speaker were installed 12 cm above the active lever. The light and tone were paired (on) during the 4.6-second drug infusion duration. There was no time-out after the fixed-ratio (FR) 1 or 2 drug infusion. All the animals were first trained on FR1 for approximately seven training sessions with 1 mg/kg per infusion of cocaine (to facilitate the acquisition of self-administered cocaine), and then switched to FR2 for 0.5 mg/kg per infusion of cocaine self-administration in the following experiments. Self-administration tests were completed during FR2 conditions. Scheduling of experimental events and data collection were accomplished using Med Associates software.
Cocaine Self-Administration Training. Animals were allowed to recover from surgical catheterization. After recovery, they were placed into operant chamber and allowed to lever press for intravenous cocaine (1 mg/kg per infusion) delivered as 0.08 ml over an intertrial interval of 4.6 seconds on an FR1 reinforcement schedule. During the intertrial interval, additional lever presses were recorded but did not result in additional infusions. After achieving stable cocaine self-administration, animals were transitioned to 0.5 mg/kg per infusion on a FR1 schedule and transitioned to the final schedule Cocaine 10 mg/kg i.p. 3 mg/kg L-THP (n = 9) Cocaine 10 mg/kg i.p. 5 mg/kg L-THP (n = 10) Cocaine 10 mg/kg i.p. 3 mg/kg L-THP and 0.1mg/kg LDN (n = 10) Cocaine 10 mg/kg i.p. 5 mg/kg L-THP and 0.1mg/kg LDN (n = 11) Cocaine 10 mg/kg i.p. of 0.5 mg/kg per infusion on an FR2 schedule. Each test session lasted 3 hours. After stable self-administration, pretreatments of 3 mg/kg, 5 mg/kg, or 10 mg/kg L-THP, 0.1 mg/kg LDN, and 3 mg/kg 1 0.1 mg/kg, 5 mg/kg 1 0.1 mg/kg, or 10 mg/kg 1 0.1 mg/kg L-THP 1 LDN were administered intraperitoneally 30 minutes prior to the experimental session. Cocaine Reinstatement. Following stable self-administration experiments, seven consecutive training session in which animals demonstrated less that 10% change in drug-taking behavior, animals were transitioned to extinction, in which depression of the previously active lever resulted in no infusion, cue, or light signal. Infusion syringes were filled with physiologic saline. Animals were randomly assigned to one of the treatment groups described in Table 1 . Immediately following each test session, animals were weighed and given an intraperitoneal treatment injection corresponding to their assigned group. Extinction continued until animals responded with a number of active lever presses no more than 10% of that achieved during cocaine self-administration over the 3-hour period. Twentyfour hours after extinction was achieved, animals were reinstated using i.p. 10 mg/kg cocaine (Amen et al., 2011) . During cocaine reinstatement, light and environmental cues remained off.
Spontaneous Locomotor Activity. Locomotor experiments were conducted in VersaMax open-field test chambers 40 cm Â 40 cm (Omnitech Electronics Inc., Columbus, OH). Habituation and baseline were established over 3 days. Animals were weighed prior to each session and randomly assigned to treatment groups described in Table 2 . During the drug treatment phase, animals were placed into open-field chambers for 1 hour. After the first hour, animals were removed, injected (intraperitoneally) with the assigned treatment, and placed back into the chamber for a second hour. Treatment continued for 10 days. Ten days was chosen as the typical extinction treatment period in the reinstatement experiment. Locomotion score was calculated by subtracting baseline average from total movements after injections.
Cocaine Forced Abstinence. After self-administering cocaine or sucrose for 13 sessions, animals were moved to forced abstinence. Forced abstinence differed from extinction in that animals remained in their home cages, were handled, administered injections every 24 hours, and did not return to the operant chambers until day 23. Groups are described in Table 3 . On day 23, animals were placed back into operant chambers to measure drug craving, as determined by active lever presses. Animals were sacrificed 30 minutes following final session and tissue and plasma were harvested.
Tissue Sample Collection. Thirty-minutes after the final training session, animals were rapidly sacrificed via decapitation. Brains were quickly removed and immersed into dry ice-chilled methylbutane for 10 seconds and stored in Tissue-Tek OCT medium (Sakura, Torrance, CA) at -80°C. Blood was collected from the trunk postdecapitation and stored in Lavender Vacutainer Tubes containing EDTA (Becton Dickinson, Franklin Lakes, NJ). Blood was transferred to centrifuge tubes containing aprotinin. Blood samples were centrifuged at 1600g for 15 minutes at 4°C and the plasma was removed and stored at -80°C.
Quantification of b-Endorphin Content. b-Endorphin was quantified using a commercially available EIA kit (Phoenix Pharmaceuticals, Hayward CA). Plasma was acidified using equal amounts of buffer A and centrifuged at 10,000g for 20 minutes at 4°C. A SEPcolumn was equilibrated using washing buffer B followed by washing buffer A. Plasma was loaded onto the column and washed three times with buffer A. Peptides were eluted using buffer B and the eluent was collected into a polystyrene tube, evaporated, and stored at -20°C. Peptides were reconstituted with 125 ml of assay buffer. Reconstituted samples were further diluted to 1:50 with assay buffer. Assay was performed according to manufacturer's specifications. Absorbance was read at 450 nm.
Visualization and Quantification of POMC by RNAscope. Brains were rapidly harvested and snap-frozen 30 minutes after the completion of the above behavioral test on day 23 (see Cocaine Forced Abstinence). Brains were sliced 0.14-mm thick and mounted to slides. There were five animals in each of the treatment groups and six slices were analyzed from each animal, for a total of 30 analyzed slices per group. OCT-embedded brains were mounted on cryostat platform with OCT medium. Tissue was sectioned at the arcuate nucleus (Arc), beginning at approximately and -1.7 mm and -3.96 mm bregma as determined from the The Rat Brain in Stereotaxic Coordinates (Paxinos and Watson, 2006) , and 0.14-mm tissue slices were mounted on Superfrost Plus Gold Slides (FisherScientific/ThermoFisher Scientific, Sunnyvale, CA).
Tissue sections were fixed in 10% formalin for 15 minutes at 4°C. Slides were dehydrated in ethanol baths of 50%, 70%, and 100% at room temperature. Tissues were then incubated in Pretreatment 4 from the RNAscope Pretreatment Kit (Advanced Cell Diagnostics, Hayward, CA) for 15 minutes at room temperature. Slides were dried and the probe for POMC was added for a 2-hour incubation in a hybridization oven. The hybridization oven was maintained at 40°C for all incubations. Probe hybridization was carried out in the hybridization oven in four amplification steps in alternating 30-and 15-minute incubations. After each amplification step, slides were washed two times in 1Â wash buffer for 2 minutes. DAPI was added to slides for 10 seconds and cover-slipped with Fluoro-Gel (Electron Microscopy Services, Hatfield, PA).
Wide-field fluorescent images of the arcuate nucleus were captured using Nikon Eclipse Ti-E with an 20Â objective. Images were deconvoluted using NIS Elements Software (Nikon Instruments, Melville, NY ) and pseudo-colored (POMC red, Ubiquitin (Ubc) green, and DAPI blue). Image Processing and Analysis by Java (ImageJ, NIH) was used to quantify total mRNA signal.
Drugs. The drugs used in the present study were as follows: Cocaine hydrochloride, obtained from NIDA, was dissolved in physiologic saline. Levo-tetrahydropalmatine was obtained from the laboratory of Stephen Hoag at the University of Maryland, Baltimore. The L-THP was dissolved in 0.1 M H 2 SO 4 , brought to a pH of 5.5 6 0.2 with 0.1 M NaOH and brought to correct volume with sterile water. L-THP concentrations of 3 mg/kg, 5 mg/kg, and 10 mg/kg were used in the study. For L-THP and LDN combinations, naltrexone hydrochloride (Sigma-Aldrich/SigmaMillipore, St. Louis, MO) was dissolved in the L-THP solution to a concentration of 0.1 mg/kg. The 0.1 M H 2 SO 4 / 0.1 M NaOH/sterile water solution, pH of 5.5 6 0.2, was used as vehicle and for the 0.1 mg/kg LDN dose. Additionally, each solution was syringe-passed through 0.22-mm filters to ensure the solutions were free of contaminates.
Data Analysis. Statistical analyses were performed using GraphPad Prism 5.00 (La Jolla, CA) for Windows. Data are presented as mean 6 S.E.M. Student's t test. One-way and two-way analyses of variance (ANOVAs) followed by Bonferroni analysis were used for comparisons between groups where appropriate. Effect size was calculated using h 2 for ANOVAs and Pearson's r for correlations, and acceptable level of statistical significance for all tests was P , 0.05. 
Results
Effects of L-THP and LDN on Cocaine Self-Administration. In our study setting, animals acquired stable cocaine self-administration over 14 experimental sessions (111.9 6 3.975 lever presses per session). Pretreatment with L-THP produced a biphasic drug-taking effect. The low doses of L-THP produced an initial increase in selfadministration, whereas the high dose of L-THP produced a reduction in cocaine self-administration ( Fig. 1 ) One-way ANOVA revealed a significant drug treatment main effect [F(7,59) 5 11.56, P , 0.001]. Effect-size calculations suggest a moderate to highly significant practical effect [h 2 5 0.58]. Post-hoc Bonferroni analyses revealed a significant reduction of cocaine self-administration after 10 mg/kg L-THP and 10 mg/kg L-THP and 0.1 mg/kg LDN combination (P , 0.05). Animals administered LDN exhibited no change in selfadministration (P . 0.05). Treatment with the combination L-THP and LDN had no significant effect, as with the respective doses of L-THP alone (P . 0.05).
Effects of L-THP and LDN on Cocaine-Induced Reinstatement of Drug-Seeking Behavior. After stable selfadministration was achieved, animals went to extinction until drug-seeking behavior was extinguished, defined as active lever responses less than 10% of the responses achieved over a stable cocaine self-administration experimental sessions (6.50 6 1.42 lever presses per session). Pretreatment with L-THP and/or LDN, administered 30 minutes prior to reinstatement test, significantly attenuated cocaine-induced (10 mg/kg, i.p.) reinstatement of drug-seeking behavior [F(2,63) 5 3.54, P , 0.05, two-way ANOVA] (Fig. 2) . Effect size, however, was determined to be low to moderate [h 2 5 0.38]. Bonferroni post-hoc analyses revealed a significant reduction in drug-seeking after 3 mg/kg L-THP and 0.1 mg/kg LDN (P , 0.05) and the 5 mg/kg L-THP and 0.1 mg/kg (P , 0.01) compared with the vehicle control group.
Effects of Chronic L-THP and LDN Pretreatment on Cocaine-Induced Reinstatement of Drug-Seeking Behavior. Animals in this experiment were exposed to the same self-administration conditions used in the previous experiment; however, during extinction training the animals were given L-THP and/or LDN daily for 10 consecutive days during extinction. At 24 hours after the last drug injection, cocaine-induced reinstatement of drug-seeking behavior was significantly lower in all drug-treatment groups than in the vehicle control group of rats (Fig. 3) . One-way ANOVA for the summarized data in Fig. 3C revealed a significant treatment main effect [F(5,51) 5 9.085, P , 0.001]. Effect-size calculation suggests a moderate applied effect [h 2 5 0.49]. Bonferroni post-hoc analyses demonstrated a significant reduction in cocaine-seeking after 0.1 mg/kg LDN (P , 0.05), 3 mg/kg L-THP (P , 0.01), 3 mg/kg L-THP and 0.1 mg/kg LDN (P , 0.001), 5 mg/kg L-THP (P , 0.001), and 5 mg/kg L-THP and 0.1 mg/kg LDN (P , 0.001) administration. In the experimental session following extinction, animals were administered intraperitoneal injections of L-THP and LDN 30 minutes prior to a priming dose of 10 mg/kg cocaine. Two-way ANOVA showed that 3 mg/kg L-THP and 0.1 mg/kg LDN (n = 5) and 5 mg/kg L-THP and 0.1 mg/kg LDN (n = 9) dose-dependently and significantly inhibited reinstatement of cocaine-seeking behavior assessed by active lever presses. *P , 0.5, **P , 0.01 respectively, compared with vehicle group (n = 7). Values expressed as mean 6 S.E.M.
Effects of L-THP and LDN on Locomotion.
Animals were administered L-THP, LDN, or L-THP 1 LDN daily for 10 consecutive days. The timeline of 10 days was selected on the basis of the findings in the above reinstatement experiments (see previous section). The baseline was created using the average of the spontaneous locomotion measurements taken over the first 3 consecutive days (3381 6 168.1 cm average baseline). Baseline was subtracted from total movements for each day. A dose of 3 mg/kg or 5 mg/kg L-THP alone significantly inhibited spontaneous locomotor activities over the 60 minutes (two-way ANOVA, [F(2,140) 5 22.34, P , 0.001]), whereas 0.1 mg/kg LDN alone had no effect on spontaneous locomotion (Fig. 4A ). Both combination doses of L-THP and LDN did not produce a significant reduction in spontaneous locomotion [F(2,195 ) 5 0.2794, P 5 0.2794, twoway ANOVA] (Fig. 4B) . Effect size was determined to be moderate to highly significant [h 2 5 0.51].
Effects of L-THP and LDN on Cue-Induced Cocaine-Seeking. After stable cocaine self-administration was achieved, animals underwent forced abstinence in their home cages in the animal facility for 9 days, during which 3 mg/kg L-THP, 3 mg/kg L-THP, and 0.1 mg/kg LDN, or vehicle was given daily to three separate groups of rats (Fig. 5A ). Animals were then placed back into the same self-administration chambers where they obtained cocaine self-administration before on day 23. Re-exposure to cocaine-associated contextual cues induced a significant cocaine-seeking behavior (i.e., active lever presses) in the absence of cocaine or cocaine-associated cues (Fig. 5B , the vehicle control group). Pretreatment with 3 mg/kg L-THP or 3 mg/kg L-THP and 0.1 mg/kg LDN produced a significant reduction in cueinduced drug-seeking compared with the vehicle control group and the combination group was more effective then L-THP alone. One-way ANOVA for the data shown in Fig. 5B revealed a significant treatment main effect [F(3,19) 3 . Effect of 10 days administration of L-THP and LDN on cocaine reinstatement. Animals received intraperitoneal injections for 10 days until extinction was reached. In the experimental session following, animals were primed with 10 mg/kg cocaine and placed back into operant chambers. (A and B) Extinction timeline, arrows representing administration of L-THP (3 mg/kg, n = 9 and 5 mg/kg, n = 10), LDN (0.1 mg/kg, n = 6), or L-THP and LDN combinations (3 mg/kg and 0.1 mg/kg, n = 10, and 5 mg/kg and 0.1 mg/kg, n = 11). (C) Significantly inhibited reinstatement of drug-seeking behavior assessed by active lever responses, expressed as mean 6 S.E.M. Bonferroni post-hoc analysis determined that both the combinations of 3 mg/kg L-THP and 0.1 mg/kg LDN and 5 mg/kg L-THP and 0.1 mg/kg LDN were more efficacious than any of the single doses. *P , 0.5, **P , 0.1, ***P , 0.001, ****P , 0.0001 compared with vehicle group (n = 7).
Effects of L-THP and LDN on Plasma Concentrations of b-Endorphin in Rats after Forced Cocaine Abstinence.
After the completion of the above behavioral test, plasma samples were collected 30 minutes via the implanted intravenous catheter. Coadministration of 3 mg/kg L-THP and 0.1 mg/kg LDN significantly elevated plasma b-endorphin level compared with the vehicle control group. A dose of 3 mg/kg L-THP alone had no effect (Fig. 6) . One-way ANOVA for the data shown in Fig. 6 revealed a significant treatment main effect [F(3,39) 5 3.92, P 5 0.016]. However the effectsize calculations demonstrate a moderate to low significant effect [h 2 5 0.24].
Effects of L-THP and LDN on POMC mRNA Expression in Rats after Forced Cocaine Abstinence. Figure 7A shows the RNAscope in situ hybridization data, illustrating that coadministration of 3 mg/kg L-THP and 0.1 mg/kg LDN significantly elevated POMC expression in the hypothalamus, whereas 3 mg/kg L-THP alone had no effect. One-way ANOVA for the summarized data shown in Fig. 7B revealed a significant treatment main effect [F(3,119) 5 6.529, P 5 0.0004]. Effect-size calculations suggest only a minimal practical effect [h 2 5 0.14]. Bonferroni post-hoc analyses indicated a significant increase in POMC expression after 3 mg/kg L-THP and 0.1 mg/kg LDN (P , 0.05) but not after 3 mg/kg L-THP alone (P . 0.05) compared with the vehicle group.
Correlation Between Cocaine-Seeking Behavior, b-Endorphin, and POMC Expression. Figure 8A shows the strong significant negative correlation between active lever presses during reinstatement and plasma concentrations of b-endorphin [r(15) 5 -0.617, P 5 0.0142]. Also shown in Fig.  8B is the weak positive correlation between POMC expression and plasma concentrations of b-endorphin [r(15) 5 0.361, P 5 0.187]. A correlation was not observed between POMC expression and active lever presses during reinstatement shown in Fig. 8C [r(15 ) 5 -0.214, P 5 0.440].
Discussion
Combination medications are becoming increasingly commonplace in clinical practice and can be especially effective when used to treat individuals suffering from mental disorders and who are multisymptomatic (Tohen et al., 2003; Kupfer et al., 2012; Biler et al., 2014; Shorter et al., 2015) . In the case of relapse prevention, drug cravings may be effectively managed when medications treat both behavioral and physiologic symptoms. However, the majority of pharmaceuticals developed for the treatment of substance abuse disorders target one pathway. The combination of L-THP and LDN targets both dopaminergic signaling and the regulation of endogenous opioids. In this report, we provide evidence that the combination of L-THP and LDN is more potent with fewer unwanted side effects than L-THP alone, on the basis of the following observations: 1) L-THP and LDN has demonstrated significantly greater effect in attenuating drugseeking behavior than L-THP alone; 2) L-THP and LDN when administered together do not result in a reduction of spontaneous locomotion; 3) L-THP and LDN appears to increase peripheral concentrations of b-endorphin; 4) L-THP and LDN appears to upregulate expression of POMC in the arcuate nucleus.
L-THP has been investigated as a potential treatment of addiction by several other groups (Mantsch et al., 2007 (Mantsch et al., , 2010 Figueroa-Guzman et al., 2011; Wang and Mantsch, 2012) . Presently, we determined that L-THP produced a biphasic effect and this is consistent with the results of previous study Fig. 4 . Effect of L-THP and LDN on spontaneous locomotion. Animals established a baseline over 3 consecutive days; following that they were given intraperitoneal injections of the assigned treatments for 10 days. Values are expressed as mean of the locomotor score 6 S.E.M., n = 6 for all groups. Two-way ANOVA determined treatment had a significant effect on spontaneous locomotion. ****P , 0.0001. (A) L-THP (3 mg/kg and 5 mg/kg) produced a dose-dependent reduction on locomotion, and LDN (0.1 mg/kg) had no effect on locomotion. (B) Effect of coadministration of L-THP and LDN. (Xi et al., 2007) . The increase in cocaine self-administration is attributed to the partial blockade of postsynaptic DA receptors, which decrease the rewarding properties of cocaine and lead to a compensatory increase in drug-taking. Even as the higher doses of L-THP drastically reduced cocaine selfadministration, we also noted a strong sedative effect, assessed by a decrease in locomotion, suggesting that nonspecific sedation or locomotion impairment is the main cause for reduced self-administration in the high L-THP dose group. In contrast to L-THP, LDN had no effect on cocaine selfadministration. There was no difference in cocaine selfadministration between animals receiving lower doses of L-THP or L-THP and LDN.
We observed that pretreatment of L-THP and LDN significantly attenuated cocaine-or cue-induced reinstatement of drug-seeking behavior in a dose-dependent manner. This is consistent with previous findings using L-THP alone (Mantsch et al., 2007 (Mantsch et al., , 2010 Figueroa-Guzman et al., 2011; Wang and Mantsch, 2012) , suggesting that the combination of L-THP and LDN does not alter therapeutic effects of L-THP. In contrast, there is a trend of enhanced therapeutic effects in both cocaine self-administration and reinstatement tests compared with the effects produced by the same doses of L-THP alone.
Additionally, we extensively investigated the effect of a 10-day treatment on drug-seeking behavior during reinstatement. This dosing schedule was designed to follow a more Fig. 5 . Self-administration and drugseeking behavior. (A) Active and inactive lever presses over the course of the experimental timeline. There was no statistical difference in stable selfadministration between the groups. (B) Comparison of drug-seeking behavior measured by active lever presses. After 13 selfadministrations sessions, animals were moved to forced abstinence, in which they received treatment in their home cages for 10 days. On day 23 they were placed back into the operant chambers, with all cues and rugs removed; values are expressed as mean 6 S.E.M.; n = 5 for all groups. There was a significant difference in active lever responses on day 23. *P = 0.0371. Student's t test determined a significant difference between the cocaine-vehicle group and the cocaine-3 mg/kg L-THP and 0.1 mg/kg LDN group. **P = 0.0073. There was also less significant difference between cocaine-vehicle group and cocaine 3 mg/kg L-THP group. *P = 0.0464. clinically relevant timeline, as often a repeated daily treatment plan is used as opposed to single treatment prior to a relapse (Katz and Higgins, 2003; Epstein et al., 2006; Yahyavi-Firouz-Abadi and See, 2009; Bailey and Husbands, 2014) .
Cocaine reinstatement tests were performed about 18-20 hours after the final dosing of L-THP and LDN. Halflives of L-THP and NTX are 10 hours and 4 hours, respectively, leaving less than 25% and 3.125% of the bolus doses of L-THP Fig. 7 . Fluorescence intensity of POMC mRNA during forced abstinence. (A) POMC mRNA, in red, detected by RNAscope. Brains were harvested and snap-frozen 30 minutes following the last experimental session on day 23. Six 0.14-mm coronal sections were taken from each animal (n = 5 for all groups, total of 30 sections per group) and analyzed for total POMC mRNA fluorescence between -2 mm and -3.5 mm bregma. 3V, third ventricle; scale bar 100 mm. (B) Fluorescence intensity of POMC mRNA, expressed as mean 6 S.E.M. Treatment had a significant effect on POMC mRNA intensity P = 0.0004. Bonferroni post-hoc analysis revealed a significant difference between the cocaine plus vehicle and the cocaine plus 3 mg/kg L-THP and 0.1 mg/kg LDN group. **P , 0.01, between cocaine plus 3 mg/kg L-THP and cocaine plus 3 mg/kg L-THP and 0.1 mg/kg LDN. *P , 0.01. and LDN biologically available at the time of reinstatement test (Dunbar et al., 2006; Slawson et al., 2007; Wu et al., 2013) , suggesting that repeated drug treatment produced a prolonged therapeutic effect in prevention of relapse to drugseeking behavior. To our knowledge we are the first to report that the combination of L-THP and LDN as well as L-THP alone administered on this schedule significantly attenuates drug-seeking behavior. A previous study conducted by Gerrits et al. (2005) observed 3 mg/kg NTX attenuates cocaine reinstatement only when given repeatedly; the authors suggested that the endogenous opioid system, specifically b-endorphin, may be involved in relapse to cocaine-seeking behavior.
The 10-day administration of L-THP reduced spontaneous locomotion at both 3 mg/kg and 5 mg/kg doses. Previous experiments reported observing sedation at slightly higher doses; however, we attributed the observed differences to changes in the locomotion experimental design (Xi et al., 2007; Xu et al., 2013) . Coadministration of L-THP with LDN prevented the reduction of locomotion produced by L-THP alone; yet LDN alone did not alter locomotor behavior at such a low dose, suggesting that LDN coadministration may block the sedative effects of L-THP. This effect may be mediated through brief opioid receptor antagonism leading to a transient b-endorphin release (Corder et al., 2013) . In turn, the b-endorphin induces the release of DA in the nucleus accumbens via activation of m-opioid receptors on GABAergic neurons that inhibits ventral tegmental area GABAergic neurons (Simmons and Self, 2009; Spanagel et al.1991) , resulting in the overall increase of spontaneous locomotion.
To test this b-endorphin hypothesis, we further investigated the effect of L-THP and LDN on plasma b-endorphin and on the expression of the precursor polypeptide POMC and measured both b-endorphin and POMC in rats after 10 days of withdrawal from the last cocaine self-administration session in the absence or presence of L-THP and LDN pretreatment. The 3-mg/kg L-THP and 0.1-mg/kg LDN treatment significantly increased plasmas b-endorphin concentrations, supporting our hypothesis that treatment with L-THP and LDN in rats during forced abstinence may initially increase brain b-endorphin release, resulting in an increase in peripheral concentrations of b-endorphin. We found a significant reduction of POMC gene expression in the cocaine selfadministration group compared with the sucrose selfadministration group. Pretreatment with L-THP and LDN might renormalize (or increase) brain POMC expression. We do, however, acknowledge that there could be several other mediators at play whose activation could also elicit a similar effect to the one seen in the present study. POMC is also the precursor to adrenocorticotropic hormone and melanocytestimulating hormone, and therefore the effect on POMC could be unrelated to the result of one the factors outside the scope of these experiment.
Our findings solidify a connection between cocaine-seeking behavior and the endogenous opioids and corroborate the findings of many other groups (Olive et al., 2001; Kiefer et al., 2002; Marinelli et al., 2003 Marinelli et al., , 2004 Roth-Deri et al., 2003 Shaw and al'Absi, 2008; Seo et al., 2009; Nguyen et al., 2012; Dikshtein et al., 2013; Zhou et al., 2013) . b-endorphin is known to play an important role in addictions. In recovering smokers, attenuated concentrations of b-endorphin directly contribute to smoking relapse (Marinelli et al., 2003; Roth-Deri et al., 2008; Shaw and al'Absi, 2008) . In addition to being a contributing factor in cocaine, nicotine, and heroin craving, a b-endorphin deficit is hypothesized as a contributing factor in relapse of alcohol use (Roth-Deri et al., 2004; Dikshtein et al., 2013) . Hypothalamic POMC expression is significantly reduced in animals that return to heroin-seeking behavior during relapse (Zhou, Y et al., 2015) .
We believe the evidence presented supports a b-endorphindeficit hypothesis. Other groups have demonstrated a correlation between attenuated b-endorphin release in the brain and cocaine-seeking behavior (Dikshtein et al., 2013) ; however, to our knowledge we are the first to demonstrate a strong negative correlation between reinstatement plasma b-endorphin. From a more meaningful and practical point of view, post-hoc analysis demonstrated weak positive correlation between plasma levels of b-endorphin and brain POMC expression. Although this correlation was not significant, we believe that this result was limited by of our relatively small sample size and hypothesize that future experiments conducted with a larger sample size would demonstrate a significant positive correlation between plasma b-endorphin and POMC expression. Alternatively, the weak correlation may be the result of other modulations of POMC expression, which are beyond the scope of the present study.
LDN is used as an off-label treatment of autoimmune disorders; however, there is no conclusive study examining its mechanism (Brown and Panksepp, 2009 ). As L-THP is well documented not to possess affinity for opioid receptors, the changes in b-endorphin and POMC expression are believed to be the result of treatment with LDN. However, the complete mechanism by which L-THP or the combination of L-THP and LDN exert their effects remains elusive. L-THP is reported to facilitate DA release in the nucleus accumbens, normalizing DA signaling. DA changes combined with increase of hypothalamic POMC and b-endorphin during forced abstinence presumably reduce drug cravings, attenuating drug-seeking behavior. Furthermore, the b-endorphin release increases spontaneous locomotion in rodents, which explains spontaneous locomotion observed between animals treated with L-THP and L-THP and LDN (Spanagel et al., 1991; Marquez et al., 2008) .
In summary, the data presented is evidence of the therapeutic potential of the combination of L-THP and LDN as an efficacious treatment for prevention of cocaine relapse. We hypothesize L-THP and LDN mediates release of endogenous opioids and dopamine, allowing dopaminergic signaling in the brain to approach preaddiction homeostasis. This treats both the behavioral symptoms and physiologic symptoms observed during recovery and reduces drug cravings and relapses. Future studies should explore the proposed mechanism of LDN as well as validate efficacy of L-THP and LDN in human trials.
